Silk contains two major protein components, fibroin and sericin. Fibroin fibers are glued together by sericin to form robust cocoons. While fibroin is widely used in textiles, industrial and medical applications[@b1], sericin has a long history of being discarded as a waste during the degumming process for separating fibroin from sericin[@b1][@b2]. Each year estimated 50,000 tons of unutilized sericin was discarded in degumming wastewater worldwide, posing a contamination threat to environment due to the high oxygen demand for sericin degradation[@b3]. It would be beneficial for economy and environment if this sericin can be fully utilized as a green material.

Sericin is a group of polypeptides comprised of 17--18 types of amino acids[@b4][@b5], among which serine, aspartic acid, and glycine are the three most abundant amino acids[@b4][@b6]. Sericin was previously reported to elicit an immune response, which was later demonstrated to be triggered when sericin remains physically associated with fibroin[@b1][@b7]. Sericin on its own is found to have no immunogenicity and is now utilized in biomedical applications[@b8][@b9]. An increasing number of studies have focused on the usefulness of sericin in biomedical applications. Sericin was reported to have diverse biological activities, such as anti-oxidation, anti-bacterium, anti-coagulation and promoting cell growth and differentiation[@b10][@b11][@b12][@b13][@b14]. In the field of regenerative medicine, owing to its biodegradability, easy availability, and hydrophilicity with many polar side groups, sericin is mostly copolymerized, crosslinked, or blended with other polymers to form various scaffolds in order to help obtain improved properties for relevant biomedical applications[@b15][@b16][@b17][@b18][@b19][@b20][@b21], such as skin regeneration[@b17]. Besides being jointly fabricated with other biomaterials, the possibility of using only pure sericin to generate scaffolds has just begun to be explored. Pure sericin 2D films[@b15][@b22][@b23], fragile gels[@b24] and 3D sponge-like matrices were reported[@b24][@b25]. However, sericin used in these studies is extracted through the conventional harsh method involving high heat and alkali, which are known to cause the degradation of sericin[@b5][@b26], producing polypeptides with low molecular weights that are physically fragile[@b26] and highly soluble, posing a challenge for effective crosslinking. It remains unclear whether the scaffolds generated using sericin with an intact protein profile will possess any unrevealed physical and chemical properties, which might be potentially valuable for tissue engineering applications.

In this work pure sericin with a well-preserved protein profile is extracted from the cocoons of a natural fibroin-deficient mutant silkworm, *Bombyx mori, 185 Nd-s*, which produces silk cocoons containing mainly sericin[@b27]. When mixed with glutaraldehyde, the extracted sericin is rapidly crosslinked to form an injectable hydrogel. We report for the first time that this sericin hydrogel has a unique photoluminescent feature, which allows bioimaging and *in vivo* tracking. Further, this newly-fabricated sericin hydrogel is naturally cell-adhesive, supporting effective cell proliferation and long-term survival. The mechanical and degradation properties, and drug release profile of this hydrogel are characterized. Our study reveals the suitability of this covalently-crosslinked sericin hydrogel to act as a multifunctional platform for delivery of bioactive molecules (growth factors and therapeutic drugs) and cells for tissue regeneration.

Results and Discussion
======================

Pure sericin is effectively extracted from fibroin-deficient mutant silkworm cocoons
------------------------------------------------------------------------------------

To isolate pure sericin, we took advantage of silkworm genetics. The cocoons of *Bombyx mori, 185 Nd-s*, a fibroin-deficient mutant silkworm strain (see details in Methods) known to produce cocoons mainly containg sericin[@b27], were used as a sericin source. In agreement with previous reports[@b6], the sericin isolated by the conventional high heat/alkali method resulted in protein degradation as evidenced by a smear with the vague bands ranging from 25 \~\> 200 kDa ([Supplementary Fig. S1](#s1){ref-type="supplementary-material"}). In contrast, the sericin solution obtained through the chemically gentle LiBr extraction method ([Fig. 1](#f1){ref-type="fig"}; also see details in Methods) had a well-preserved protein profile with four clearly different bands at the molecular weights (MW), approximately 60 kDa, 100 kDa, 130 kDa, and \>250 kDa ([Supplementary Fig. S1](#s1){ref-type="supplementary-material"}). The latter three bands were largely consistent with the distinctive bands identified in intact sericin of native silk that was directly isolated from the middle silk gland of the silkworm, *Bombyx mori*[@b5]. These results indicate that sericin extracted from the mutant cocoons via the LiBr method contains a putatively intact protein profile.

Rapid gelation and injectability of the sericin hydrogel
--------------------------------------------------------

Although genipin, which is less toxic than glutaraldehyde, is recently used as a crosslinker for generating scaffolds involving sericin[@b28], it was reported to alter kinetic profiles of carried drugs[@b29]. Glutaraldehyde was thus employed as the crosslinker in this study. Washing and neutralizing glutaraldehyde with glycine were used to minimize the toxicity resulted from the possible excessive use of glutaraldehyde during hydrogel fabrication. Although the large proteins with approximate MW 200 kDa were still present in the degraded sericin obtained from the conventional high heat/alkali method ([Supplementary Fig. S1](#s1){ref-type="supplementary-material"}), they could not be crosslinked to form a hydrogel when mixed with glutaraldehyde even for 7 days. This might be in part because the harsh extraction conditions significantly reduced the amount of amines that would otherwise be available for crosslinking. In contrast, the sericin solution extracted using LiBr was rapidly crosslinked, forming a hydrogel ([Fig. 1](#f1){ref-type="fig"}). This hydrogel was readily cast into various shapes using plastic molds ([Fig. 1](#f1){ref-type="fig"}). Importantly, this soft and flexible hydrogel was injectable ([Fig. 1](#f1){ref-type="fig"}; [Supplementary Video S1](#s1){ref-type="supplementary-material"}). The sericin hydrogel could be conveniently injected through the needles with various gauge sizes ([Supplementary Video S1](#s1){ref-type="supplementary-material"}), suggesting a possibility of delivering this hydrogel via minimally invasive approaches. To our knowledge, this is the first study reporting the successful fabrication of a covalently-crosslinked, injectable hydrogel using only pure sericin.

We next determined the crosslinking rate of the hydrogels prepared with the different concentrations of sericin. The higher concentration of sericin resulted in faster gelation. 2.6% sericin formed a hydrogel within 23 seconds, while 1.56% sericin took approximately 90 seconds, nearly tripled ([Fig. 2a](#f2){ref-type="fig"}). As the crosslinking degree of polymers affects the degradation dynamics and swelling[@b30], we next examined the relative crosslinking degree of this sericin hydrogel using the ninhydrin (NHN) assay that is often used to determine free amines in peptides and proteins. The crosslinking degree reached 95% after mixed with glutaraldehyde for 0.5 hour ([Fig. 2b](#f2){ref-type="fig"}). No further increase was observed afterwards. These results indicate that the vast majority of free amines in sercin are rapidly and effectively crosslinked within a short time frame. Given the known types of amino acids in sericin[@b4], lysine (2.5%) and arginine (3.1%)[@b4] were likely the two major amino acids donating their amines for crosslinking during gelation. Further, the fast gelation feature may allow the sericin hydrogel to be used in the biomedical applications demanding rapid gelling, such as bleeding prevention that requires the gelation time less than 3 minutes[@b31].

Porous microstructure of the sericin hydrogel
---------------------------------------------

Porous matrices provide space for cells to proliferate and survive and microenvironment for retention and release of bioactive molecules[@b32]. In order to obtain the controlled pore size, the sericin hydrogels were frozen at the different temperatures prior to lyophilization. The pore diameters of the lyophilized 3D scaffolds were reduced as the temperature decreased ([Fig. 3a](#f3){ref-type="fig"}; [Table 1](#t1){ref-type="table"}), which was also observed for the sericin conduits ([Fig. 3b and c](#f3){ref-type="fig"}). The range of the obtained pore diameters (316.9 μm at −20°C, 167.1 μm at −80°C, and 20.6 μm at −196°C) met the various pore-size requirements for regeneration of multiple different tissues, such as skin (optimal pore size, 20 \~ 125 μm) and bone (optimal pore size, 100 \~ 350 μm)[@b33], suggesting that the sericin hydrogel may be broadly applicable for repair of different types of tissues. Moreover, the porosity of the sericin hydrogels lyophilized at −80°C reached 91.3%. Such high porosity along with the marked interconnectivity among pores would be beneficial for cell seeding and exchange of nutrients and metabolites between seeded cells and *in vivo* microenvironment[@b34]. Given the significant impact of the hydrogel 3D structure on cell growth and function[@b35], the microscale features of the sericin hydrogel, including pore sizes, clusters of pores, and interconnectivity, may be further designed and/or fine tuned towards the diverse tissue engineering applications through proper techniques, such as gas foaming and electrospinning.

Mechanical characterization of the sericin hydrogel
---------------------------------------------------

Porosity can influence mechanical properties, an important feature of a 3D hydrogel[@b34]. As high porosity may make a hydrogel physically weak, we next sought to determine the mechanical properties of the sericin hydrogel. Since alginate hydrogels were intensively characterized and widely utilized in tissue engineering applications[@b36], we used 2% and 4% alginate hydrogels as the controls. Given the elasticity of the sericin hydrogel ([Supplementary Video S2](#s1){ref-type="supplementary-material"}), we performed the compressive stress-strain analysis. 2% sericin hydrogel showed a 75.77% increase in breaking strain ([Table 2](#t2){ref-type="table"}) when compared to the alginate hydrogels, suggesting a better compression-bearing capability of the sericin hydrogel. The compressive modulus of the sericin hydrogel (2%) was lying between that of 2% alginate hydrogel and that of 4% alginate hydrogel ([Table 2](#t2){ref-type="table"}), consistent with the evident elasticity of the sericin hydrogel. These results indicate that the sericin hydrogel has a good compressive mechanical property, providing potential handling convenience during implantation.

FTIR and X-ray diffraction analyses suggest that crosslinking does not cause significant secondary structural transformations
-----------------------------------------------------------------------------------------------------------------------------

Fourier transform infrared spectroscopy (FTIR) and X-ray diffraction were used to analyze the secondary structure transformations resulted from glutaraldehyde crosslinking. The polypeptide and protein repeat units produce multiple characteristic infrared absorption bands, including amide I, II, and III. Amide I (1600--1690 cm^−1^) mainly arises from the C = O stretching vibrations of the peptide linkages. Amide II (1480--1575 cm^−1^) derives from N-H bending and the C-N stretching vibration. Amide III (1229--1301 cm^−1^) primarily represents C-N stretching vibration linked to in-plane N-H bending vibration. Of these, amide I is the most useful for analyzing sericin protein secondary structures[@b37][@b38]. In amide I, the characteristic absorption peaks of β-sheets, random coils, and α-helices are at 1630, 1645, and 1655 cm^−1^, respectively[@b22][@b39][@b40]. Sericin that we used had a peak of amide I at 1651 cm^−1^ ([Supplementary Fig. S2](#s1){ref-type="supplementary-material"}). Since this peak was similarly observed for random coil conformation (1650 cm^−1^) in native sericin directly extracted from the silk gland of the *Bombyx mori* fibroin-deficient strain "Sericin Hope"[@b37][@b38] (see Methods for detailed information), the 1651 cm^−1^ peak we observed likely represented the presence of the random coil structure and α-helix conformation with low-abundant β-sheets. This secondary structure composition was different from that of native sericin extracted from the strain "Sericin Hope", which was rich in both random coils and β-sheets with low-abundant α-helices[@b37], suggesting that the strain differences influence the secondary structure of sericin. After crosslinking with glutaraldehyde, the amide I peak of the sericin hydrogel slightly shifted to 1655 cm^−1^ ([Supplementary Fig. S2](#s1){ref-type="supplementary-material"}), suggesting that glutaraldehyde crosslinking leads to a slight transformation towards α-helix structure and does not cause significant structural transformations.

Crystallinity of the sericin hydrogel was analyzed using X-ray diffraction. Consistent with sericin\'s characteristic diffraction peaks at 19.2° (2θ) and 23.2° (2θ)[@b15], our sericin exhibited two diffraction peaks at 19.08° (2θ) and 22.86° (2θ) ([Supplementary Fig. S2](#s1){ref-type="supplementary-material"}), which were similar to the two peaks of the sericin hydrogel at 19.02° (2θ) and 23.02° (2θ) ([Supplementary Fig. S2](#s1){ref-type="supplementary-material"}). This similarity indicates that glutaraldehyde crosslinking does not significantly increase crystallinity, consistent with the slight difference observed for the amide I peaks of sericin and the crosslinked sericin hydrogel.

The acidic environment constrains the swelling of the sericin hydrogel
----------------------------------------------------------------------

Swelling properties of a hydrogel indicate the ability to absorb water, which is crucial as it affects many aspects of a hydrogel, such as diffusion of encapsulated bioactive agents[@b41][@b42]. To characterize the swelling behavior of this sericin hydrogel, we examined the swelling process of the lyophilized hydrogel scaffolds in three conditions: acidic, neutral and alkaline. We immersed the hydrogel in PBS with pH adjusted to be 3.0 (acidic), 7.4 (neutral) and 11.0 (alkaline), respectively, at 37°C ([Fig. 4a](#f4){ref-type="fig"}). During the first 3-hour immersion, the volume of the sericin hydrogels increased sharply to 50% of the final maximum swollen volume in all three tested pH conditions. This fast phase was followed by a two-week slow swelling. During the entire process, the swelling rates (increased volume percentage per hour) were similar across all three tested pH conditions. A maximum 26-fold swelling was observed after this two-week immersion at pH 7.4 (neutral) and 11.0 (alkaline). A less swelling, 21 folds, was observed at pH 3 (acidic). These results suggest that the sericin hydrogel has the excellent water absorption capability, which may be in part due to high porosity and hydrophilicity of this hydrogel.

While the swelling rate of the sericin hydrogel was independent of pH conditions, the maximum swelling degree was reduced in the acidic environment. This was due to the chosen acidic pH, which was close to sericin\'s isoelectric point (pI), approximately pH 4[@b4]. Under this condition, the polyampholytic sericin hydrogel had zero net charge and the minimal intermolecular repulsive force, which would prevent swelling. As the pH value of the solvent went up, the net charge of the sericin hydrogel turned increasingly negative, which in turn would generate intermolecular repulsive force promoting swelling. Meanwhile, the ionization and hydrophilicity of the sericin hydrogel also increased, favoring swelling[@b43]. This explains the higher swelling ratio observed for the neutral (pH 7.4) and alkaline (pH 11) conditions. The swelling ratios at pH 7.4 and 11 were similar, possibly because net charge, ionization, and hydrophilicity of the sericin hydrogel were also similar at these two pH conditions. The pH responsive swelling behavior within the acidic-neutral range suggests that the sericin hydrogel may potentially act as a self-regulated carrier for bioactive agents in acidic conditions, such as tumor niche[@b44].

pH-dependent biodegradability and pH neutralizing effect during sericin hydrogel degradation
--------------------------------------------------------------------------------------------

Controlled degradation of a hydrogel is important for tissue replacement and drug release, as degradation leaves space for newly regenerated tissue, allows for integration of delivered cells with the surrounding tissues, releases encapsulated bioactive molecules, and avoids the needs for subsequent surgical retrieval of implanted scaffolds. The weight loss resulted from the degradation of the sericin hydrogels was examined in the aqueous conditions with different pH. Given that the content of acidic amino acids (Glu and Asp, 24%) in sericin is higher than that of alkaline amino acids (Lys, His and Arg, 8%)[@b45], the sericin hydrogel and its degraded products are expected to be slightly acidic. Consistent with this notion, the sericin hydrogels were degraded rapidly and completely within 15 days in the alkaline solution (pH 11.0) ([Fig. 4b](#f4){ref-type="fig"}). In contrast, only approximately 40% of the total amount was lost at pH 3.0, 5.0 and 7.4 after a significantly longer time period (53 days) ([Fig. 4b](#f4){ref-type="fig"}). These results suggest that the alkaline environment results in more effective degradation of the sericin hydrogels than the acidic and neutral conditions. Further, during sericin degradation, the alkalinity of the PBS that was initially adjusted to be pH 11 decreased to a level close to the neutral ([Fig. 4c](#f4){ref-type="fig"}), indicating that the degraded products can neutralize the alkaline aqueous environment, consistent with the expected acidic nature of sericin\'s degraded products. This pH neutralizing effect might help enhance the stability of the drugs that are unstable in the alkaline condition.

The photoluminescent property of the sericin hydrogel enables in vivo detection and tracking
--------------------------------------------------------------------------------------------

Photoluminescent materials that allow biological tracking without the aid of extra fluorophores are highly desired[@b46]. Notably, sericin exhibited intrinsic fluorescence when excited by the light with the wavelengths ranging from 280 nm to 560 nm ([Fig. 5a](#f5){ref-type="fig"}). The emission spectra of the sericin solution fell into two wavelength ranges, 280 nm to 300 nm (with high-intensity peaks), and 340 to 600 nm (with low-intensity peaks) ([Fig. 5a](#f5){ref-type="fig"}). Three aromatic amino acids, tyrosine, phenylalanine and tryptophan, are known to produce intrinsic protein fluorescence[@b47]. Although the abundance of amino acids is somewhat variable across different reports, the existence of two of those three aromatic amino acids, tyrosine (2.1%) and phenylalanine (0.9%)[@b4], in sericin partially explained the fluorescence observed. To test whether this intrinsic protein fluorescence could be inherited by the sericin hydrogel, we examined the emission spectra of the sericin hydrogel. The hydrogel emitted fluorescence with the emission spectra falling into two different wavelength ranges, 300 nm to 600 nm (low-intensity peaks), and 500 nm to 700 nm (high-intensity peaks) ([Fig. 5a](#f5){ref-type="fig"}), indicating a red shift in the emission spectra in comparison to the sericin solution. The spectral and intensity features of the intrinsic protein fluorescence are complicated and difficult to predict. These features are influenced by many factors, such as protein tertiary structure/confirmations, spatial distribution of the fluorescent amino acids within proteins, their side chain interactions with other residues or solvent, and resonance energy transfer among those fluorescent amino acids[@b47][@b48]. This may account for the differences in fluorescence spectra and intensity observed between the sericin solution and the sericin hydrogel.

As sericin hydrogels\' emission spectra covered the excitation and emission wavelengths of commonly used fluorescence proteins and dyes, we next tested whether this optical property would allow *in vivo* detection of the sericin hydrogel. We first examined this under the compound microscope. The sericin hydrogel exhibited photoluminescence when exposed to a variety of wavelengths ([Fig. 5b--d](#f5){ref-type="fig"}). Next, we injected the sericin hydrogel beneath the skin and into the muscle tissue ([Fig. 5e](#f5){ref-type="fig"}). Compared to the alginate scaffolds (as the controls) that are known to be non-photoluminescent, the sericin hydrogels were readily detected and visualized *in vivo* ([Fig. 5f--h](#f5){ref-type="fig"}) although the intensity of the emitted fluorescence reduced as the implantation sites deepened ([Fig. 5f--h](#f5){ref-type="fig"}). These results clearly show that without any fluorescence dye/labeling this sericin hydrogel can be optically detected and tracked *in vivo*, suggesting a possibility of using this hydrogel as a bioimaging probe to visualize targeted sites. Further, given that sericin is a natural biocompatible protein, the hydrogel would avoid the substantial cytotoxicity caused by the organic fluorescent dyes that are commonly used for *in vivo* tracking and visualization[@b49][@b50].

The sustained drug release from the sericin hydrogel
----------------------------------------------------

A sustained, localized release profile of a growth factor/drug from a hydrogel is often desired towards optimal tissue regeneration. The controlled release avoids a quick loss of growth factors due to their short *in vivo* half-lives when directly injected, and prolongs the therapeutic effects of drugs at targeted sites[@b51]. To test the release property of this sericin 3D hydrogel, we chose to analyze the release kinetics of a protein enzyme, horseradish peroxidase (HRP) ([Fig. 6](#f6){ref-type="fig"}). Approximately a quarter (28%) of the total amount of HRP was released from the sericin hydrogel within 24 hours. The cumulative release of 50% HRP was observed by Day 3, which was then followed by a 2-week slow, stable release. After the majority of HRP (84%) was released by Day 14, a plateau was reached. The total released HRP was 85% by Day 20. Together, these observations indicate that the sericin hydrogel possesses the sustained drug release property, revealing a possibility for this hydrogel to be used as a drug delivery vehicle *in vivo*.

The sericin 3D hydrogel supports effective cell adhesion and growth
-------------------------------------------------------------------

The suitability of a 3D hydrogel as a potential cell carrier is largely dependent on its influence on cell behavior. To characterize the effects of this sericin 3D hydrogel on cell behavior, we examined cell adhesion and proliferation, two fundamental cell activities, on this sericin hydrogel with an array of different cell types ranging from epithelial cells, myoblasts to microglial cells ([Supplementary Table S1](#s1){ref-type="supplementary-material"}). Once seeded on the sericin hydrogel, the cells started attaching to the hydrogel surface with the adhesion efficiency similar to the cells placed onto the polystyrene surface of culture dishes ([Fig. 7a and b](#f7){ref-type="fig"}). After 24 hours of all the seedings, the attached cells spread on both the hydrogel and the polystyrene surface in a morphologically comparable manner ([Fig. 7a](#f7){ref-type="fig"}). Some types of cells, such as HEK293 (human embryo kidney cells), tended to grow in clusters on the hydrogel surface ([Supplementary Fig. S3](#s1){ref-type="supplementary-material"}), suggesting that the sericin hydrogels can influence the spatial distribution of cells. This however appeared to be a cell-type specific phenomenon, as other cell types, such as C2C12 (mouse myoblasts) and HaCaT (human keratinocytes), did not show this distribution pattern. We next examined cell proliferation. The cells examined ([Supplementary Table S1](#s1){ref-type="supplementary-material"}) were able to proliferate on the hydrogel surface ([Fig. 7a](#f7){ref-type="fig"} and [Supplementary Fig. S4](#s1){ref-type="supplementary-material"}) and continued to grow and survive for up to 20 days ([Fig. 7a](#f7){ref-type="fig"}). Some types of cells, such as human umbilical vein endothelial cells (ECV304), proliferated with a viability rate similar to those on the polystyrene surface ([Fig. 7c](#f7){ref-type="fig"}). To further characterize the impact of the hydrogel on cells, we examined the organization of actin cytoskeleton, which plays a key role in cell adhesion and mobility[@b52]. The cells growing on the sericin hydrogel developed well-oriented F-actin stress fibers that were visually indistinguishable to those formed by the cells on the culture dish ([Fig. 7d](#f7){ref-type="fig"}), suggesting a potential functional resemblance. These observations indicate that the sericin 3D hydrogel is naturally cell-adhesive and provides a physically and functionally favorable microenvironment for effective cell proliferation and survival. Given the biodegradability and the excellent biocompatibility with an array of different cell types, this sericin hydrogel may act as a degradable extracellular matrix and a temporary cell delivery vehicle to help restore the function and the structure of various injured tissues and organs.

Sericin was reported to enhance attachment of human skin fibroblasts when coated on petri dishes[@b53]. This was thought to depend on the serine-rich repetitive motif that consists of 38 amino acids and is highly abundant in sericin[@b53]. Intriguingly, sericin hydrolysates containing this repetitive motif was found to promote cell growth[@b26] and protect cells from serum-deprivation-induced cell death[@b54]. Although these observations reflect the excellent biocompatibility of sericin, they might not fully explain cell proliferation/growth observed in the sericin 3D hydrogel. Another contributing factor may be the hydrogel microarchitecture featured with the highly interconnected pore structure, which is expected to facilitate oxygen and nutrient diffusion[@b34], thereby benefiting cell survival and growth. Thus, the biocompatibility and the microstructure of the sericin hydrogel together account for effective cell proliferation.

Conclusion
----------

Appropriate carrier scaffolds for delivery of cells and drugs play a crucial role in tissue engineering and regenerative medicine. We show for the first time that pure sericin with a well-preserved protein profile can be effectively crosslinked to form a *bona fide* 3D hydrogel suitable for delivering cells and bioactive molecules. Prior to our study, a few attempts were documented for fabricating non-crosslinked pure sericin spongy hydrogels or films using the freeze-thaw technique[@b55] or ethanol treatment[@b22][@b56]. Compared to these non-crosslinking techniques, the covalent crosslinking of sericin has several advantages: (1) the use of crosslinker allows rapid gelation within minutes, in contrast to non-crosslinking techniques requiring much longer gelation time that was often overnight or even days[@b22][@b55][@b56]. (2) By adjusting crosslinking conditions, including sericin concentrations and the amount of crosslinkers, crosslinking degrees can be readily controlled, providing a convenient way to fine-tune some properties that are associated with crosslinking degrees, such as mechanical strength, elasticity, and porosity. Such property tuning would be difficult to be precisely achieved with non-crosslinking techniques. (3) Since crosslinking degrees can be controlled, experimental reproducibility is presumably higher than that of non-crosslinking techniques. (4) Covalent crosslinking offers high structural stability because covalent bonding is stronger and more stable than hydrogen bonding and van der Waals force that are the major forces maintaining the structure of non-crosslinked gels.

We subsequently performed a comprehensive characterization of our pure sericin hydrogel, which reveals the diverse features of this hydrogel. The injectability allows this hydrogel to be implanted through minimally invasive approaches for tissue repair or disease treatment. The photoluminescent property of the hydrogel enables *in vivo* detection and tracking. More importantly, the natural cell-adhesion property of this hydrogel supports effective cell adhesion and long-term survival. In addition to these unique features, the hydrogel possesses multiple physical and chemical advantages. The high elasticity and compressive capability provide handling convenience. The swelling property, high porosity, pH responsive degradation, and the sustained drug release capability are advantageous for this sericin hydrogel to function as a drug delivery vehicle. Depending on the particular types of tissue and their physiological characteristics, the physical and chemical properties of this hydrogel can be further tailored and customized to suit different tissue repair applications. Thus, we conclude that this covalently-crosslinked sericin hydrogel can serve as a multifunctional platform for cell therapy and drug delivery, which could be broadly applied for regeneration of diverse tissues. Finally, this study further reveals the potential value of sericin as a green material.

Methods
=======

Extraction of sericin protein
-----------------------------

*Bombyx mori* is a mulberry domestic silkworm strain that has long been used in silk industry[@b57]. A natural fibroin-deficient mutant silkworm, *Bombyx mori, 185 Nd-s* (obtained from the Sericultural Research Institute, China Academy of Agricultural Sciences, Zhenjiang, Jiangsu, China) produces cocoons that are mainly composed of sericin[@b27]. *Bombyx mori, 185 Nd-s* was thought to have lower silk spinning frequency than the "Sericin Hope" silkworms, a strain producing sericin only and generated by cross breeding an *Nd* mutant into a high cocoon yielding strain KCS83[@b58]. The silkworms were bred with fresh mulberry at 25°C. Sericin from the cocoons of *Bombyx mori, 185 Nd-s* was isolated as previously described with modifications[@b56][@b59]. Briefly, cut cocoon pieces (1.0 g) were dissolved in 6 M LiBr aqueous solution (55 ml) at 35°C for 24 hours. The insoluble residue was removed by centrifugation and filtration. ¼ (v/v) 1 M Tris-HCl buffer (pH 9.0) was added into the supernatant. This solution was dialyzed (cellulose dialysis membranes, MWCO 3500 Da, Spectrum Laboratory, Inc, USA) against water for 2 days at room temperature. The insoluble residue in the dialyzed sericin solution was discarded by centrifugation. The supernatant was concentrated to the desired concentration using polyethylene glycol (PEG-6000) solution. The obtained sericin solution was kept in refrigerator before use. To determine the molecular weight profiles of the isolated sericin proteins, polyacrylamide gel electrophoresis (SDS-PAGE) was performed as described[@b5].

Preparation of the sericin hydrogels/scaffolds and quantitative measurement of the gelation kinetics
----------------------------------------------------------------------------------------------------

The sericin hydrogels were prepared from 2% (w/v) sericin solution using glutaraldehyde as the crosslinking agent. At room temperature, 22 μl glutaraldehyde (25%, w/v) was added into 1 ml sericin solution (2%). While the solution was mixed gently, the sericin hydrogels were formed within approximately 60 seconds. The sericin tubes and the other shapes were fabricated by transferring the sericin solutions with glutaraldehyde to the corresponding molds. These prepared samples were repeatedly rinsed with sterilized pure water and treated with 50 mM glycine to neutralize glutaraldehyde. The samples were frozen (at −20°C, −80°C or −196°C for 24 hours) and then subjected to lyophilization. The alginate hydrogels were prepared as the follows: 1 ml 2% (w/v) or 4% alginate solution containing 1:1 ratio of high molecular weight (HMW) (FMC Corporation, USA) and low molecular weight alginate (LMW) (obtained from the HMW by gamma irradiation) was mixed with 40 μl CaSO~4~ (0.21 g/ml) in a syringe[@b60]. The gelation time was measured as previously described[@b17]. The gelation time was defined as the time period from when the mixure became viscous to the moment it could not move downwards along the tube wall in the vertically positioned syringe.

Assessment of crosslinking degree
---------------------------------

The ninhydrin (NHN) colorimetric assay was used to determine the degree of crosslinking as previously described[@b61]. The relative percentage of the remaining free amines in the crosslinked sericin hydrogel was calculated. Briefly, the ninhydrin solutions were prepared as follows. Solution A: 0.067 mol/L Na~2~HPO~4~ (20 ml) was mixed with 0.067 mol/L KH~2~PO~4~ (5 ml). Solution B: 2 g ninhydrin and 80 mg SnCl~2~ were added into 5 ml H~2~O, stirred for 30 minutes, then stored in a dark bottle for 24 hours. The buffer was then filtered and brought to the volume of 100 ml using water. 100 μl (2%, w/v) sericin solution was mixed with 2.2 μl (25%, w/v) glutaraldehyde; the mixture was then heated to 100°C in water bath with 50 μl solution A and 50 μl solution B for 15 minutes. The solution was cooled down to room temperature. The optical absorbance of the solution at 570 nm was measured with a spectrophotometer (Infinite F50, Tecan, Switzerland). The sericin solutions prepared without glutaraldehyde were used as the controls. The relative degree of crosslinking was calculated using this following equation: *(NH~2~)~nc~* and *(NH~2~)~c~* are the optical absorbance values that are proportional to free NH~2~ in non-crosslinked and crosslinked samples, respectively.

Scanning electron microscopy (SEM) and porosity analysis
--------------------------------------------------------

The surface of the sericin hydrogel scaffolds was examined under SEM (JSM-5610LV, Japan) with the working voltage 25 kV. The specimens were coated with gold particles with a sputter coater. The pore sizes of the different specimens were averaged from 25 random pores with the Image Pro Plus (version 6.0.0.260). The porosity of the sericin hydrogels were measured by the liquid displacement as previously described[@b62]. The sericin hydrogels were frozen and then dried by lyophilization. The samples were immersed in the known volume (*V~1~*) of water in a graduated cylinder. After 1-hour immersion, the total volume (including water and the scaffold) was recorded as *V~2~*. The volume of the water remaining in the cylinder after the removal of the scaffold was recorded as *V~3~*. The porosity (ε) of the scaffold was obtained by:

Mechanical properties of the sericin hydrogels
----------------------------------------------

A universal testing machine (Instron 5848 MicroTester, USA) equipped with a 100 N load cell at room temperature, was used to measure the mechanical properties of the sericin hydrogels. The sericin hydrogels molded into a cylindrical structure (height 8 mm, diameter 12 mm) were used for tests. The samples were examined at a crosshead speed of 1 mm/min. The alginate hydrogels were used as the controls.

Fourier transform infrared spectroscopy (FTIR) and X-ray diffraction analyses
-----------------------------------------------------------------------------

FTIR spectra of sericin protein and the sericin hydrogel crosslinked by glutararadehyde were acquired using a fourier transform infrared spectroscopy (Nexus, Thermal Nicolet, USA) for the spectral region of 4000--650 cm^−1^ with a ZnSe ATR cell. The X-ray diffraction analysis was performed using the rotation anode high power X-ray diffractometer (D/MAX-RB, Rigaku, Japan).

Analysis of swelling behavior of the sericin hydrogel
-----------------------------------------------------

The dynamic swelling of the sericin hydrogels was analyzed as previously discribed[@b17]. The scaffolds were dried, weighed and immersed in PBS (pH 3.0, pH 7.4, pH 11.0). At the different time points, the scaffolds were taken out and the amount of water absorbed was determined by weighing. The swelling ratios of the scaffolds were calculated using the following equation: *W~s~* and *W~d~* are swollen weight and dry weight of the sericin hydrogel, respectively.

*In vitro* degradation under different pH environments and the effect of their degradation products on pH
---------------------------------------------------------------------------------------------------------

The sericin hydrogels were incubated at 37°C in PBS with pH adjusted to be 11.0, 7.4, 5.0, 3.0, respectively. The starting concentration of sericin in this solution system was equivalent to 70 mg (sericin dry weight)/ml. PBS was replaced daily. At the different time points, the samples were taken out, dried and weighted. pH of the solution was determined using a pH meter pp-15 (Sartorius, Germany).

Photoluminescent property of the sericin hydrogels
--------------------------------------------------

The photoluminescence spectra of the sericin solution and the sericin hydrogel were acquired using an RF-5301 PC fluoro spectrophotometer (Shimadzu, USA). The slit width for the excitation light and the emission light was set to 5 nm and 3 nm, respectively. The fluorescence microscope (Olympus IX71, Japan) equipped with a DP73 camera was used to examine sericin scaffolds under the light with the different wavelengths. The images were taken with the software cellSens standard 1.7 (Olympus, Japan). For *in vivo* real-time tracking analysis, the sericin hydrogels were injected subcutaneously and into the muscle of the rear limbs of Kunming mice at the age of 5 weeks (Department of Experimental Animals, Tongji Medical College, Huazhong University of Science & Technology, Wuhan, China). The alginate scaffolds were used as the controls. Mice were imaged using the Xenogen IVIS Lumina II *in vivo* imaging system with the software Living Image 4.3 (Caliper Life Sciences, USA). All the animal experiments were carried out in accordance with the guidelines evaluated and approved by the Ethics Committee of Huazhong University of Science & Technology (Wuhan, China).

*In vitro* analysis of horseradish peroxidase (HRP) release from the sericin hydrogels
--------------------------------------------------------------------------------------

The drug release from the sericin hydrogels *in vitro* was analyzed using the method previously reported[@b63]. The HRP loaded sericin hydrogels were prepared by blending 1/125 (v/v) HRP (2 μg/μl) with the sericin solution (2%, w/v). The mixed solution was added into an 48-well plate (500 μl/well). Glutaraldehyde of 11 μl (25%, w/v) was added into each well and mixed well. The samples were left at room temperature for 0.5 hour and stored at 4°C for 24 hours. PBS of 1 ml (pH 7.4) was added into each well. The samples were kept at 37°C. At the different time points, the supernatant from the wells was transferred to a tube. pH of the supernatant was monitored and held constant at 7.4. The HRP content in the withdrawn supernatant was determined by ELISA.

Cell culture on the culture dishes and the sericin hydrogels
------------------------------------------------------------

Mouse islet endothelial cells (MS-1) were cultured with low glucose DMEM media. Mouse microglial cells (BV2) were cultured using DMEM/F12 media. Human skin epidermal cells (HaCaT) and human primary embryo skin fibroblasts (CCC-ESF-1) were cultured in 1640 media. Mouse myoblasts (C2C12), human embryo kidney cells (HEK293), and human umbilical vein endothelial cell lines (ECV304 and EA.hy926) were cultured with high glucose DMEM. All media contained 10% fetal bovine serum (FBS), 100 units/ml penicillin and 100 μg/ml streptomycin. The cells were cultured in the incubators maintained at 37°C with 5% CO~2~ under fully humidified conditions. The culture media was replaced daily. To seed cells onto the hydrogels, the hydrogel was washed by sterilized pure water twice, immersed in fresh PBS (pH 7.4) for 12 hours and then sterilized via immersion in 75% ethanol for 1 hour followed by fresh PBS (pH 7.4) wash 3 times in order to remove alcohol before cell seeding. The cells were harvested from culture dishes, suspended in fresh culture media, and were seeded onto the hydrogels drop by drop. The cell-laden hydrogels were cultured with complete cell culture media at 37°C in a 95% oxygenated tissue culture hood.

Confocal imaging analysis of F-actin stress fibers on the sericin hydrogels
---------------------------------------------------------------------------

The cell-laden sericin hydrogels were immersed in PBS (pH 7.4) for 10 minutes, removed and fixed by incubating with 4% paraformaldehyde for 10 minutes. The fixed samples were stained with rhodamine-phalloidin to visualize F-actin and 4′, 6-diamidino-2-phenylindole (DAPI) to visualize cell nuclei. The samples were imaged using a confocal laser scanning microscope (Nikon A1Si, Japan).

Cell adhesion and MTT assay
---------------------------

For the cell attachment and MTT assay, the sericin hydrogel was crosslinked, directly formed in the cell culture dishes or the 6-well plates and washed using the same method mentioned earlier in the "Methods" section. Cells were seeded as described above onto the sericin hydrogels or the cell culture dishes (as the controls) and incubated at 37°C. By 4 hours and 8 hours after seeding at the density of 1 × 10^6^ cells per gel, the hydrogel samples were taken out, washed gently with PBS (pH 7.4). By subtracting the number of the cells washed out by PBS, the number of the cells adhering to each hydrogel was calculated as previsouly described[@b17]. The MTT assay was employed to assess cell viability at Day 2.5 and Day 4.5 after cells were loaded on the sericin hydrogels in the cell cullture dishes.

Statistical analysis
--------------------

All data were expressed as mean ± SD. Every sample of each experiment was performed at least three times. Experiments of the MTT assay were run in 6 replicates per test sample. Data were analyzed by ANOVA. Differences between groups of p ≤ 0.05 were considered statistically significant and those with p ≤ 0.01 were highly significant.
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![A flow chart depicts the procedure of extraction, purification and fabrication of a pure sericin 3D hydrogel (details see Methods).\
Cocoons from a fibroin-deficient mutant silkworm, *Bombyx mori, 185 Nd-s*, were cut into pieces and then dissolved in 6 M LiBr aqueous solution at 35°C for 24 hours. The solution was dialyzed against water for 2 days at room temperature. Glutaraldehyde as a crosslinking agent was added into the sericin solution, leading to the formation of the sericin hydrogels. These sericin hydrogels are injectable and moldable.](srep07064-f1){#f1}

![Gelation dynamics of the sericin hydrogels.\
(a) Quantification of the gelation time of the sericin hydrogels prepared with the different concentrations at room temperature. (b) Quantification of the crosslinking degree of the sericin hydrogels (2%, w/v) over 12 hours at 37°C.](srep07064-f2){#f2}

![The porous microstructure of the sericin hydrogels revealed by scanning electron microscopy.\
(a) The micrographs showed that the random regions of the lyophilized sericin hydrogels frozen at the different temperatures. (b) The longitudinal lateral views of the lyophilized sericin hydrogel conduits. (c) The cross-section views of the lyophilized sericin conduits. Scale bars, 500 μm.](srep07064-f3){#f3}

![The swelling behavior and degradation kinetics of the sericin hydrogels.\
(a) The swelling dynamics of the sericin hydrogels in PBS with different pH (3, 7.4, 11) at 37°C. (b) The degradation kinetics of the sericin hydrogels immersed in PBS with different pH (3.0, 5.0, 7.4, 11.0). (c) The effects of degraded products from the sericin hydrogels on pH of PBS with the different starting pH.](srep07064-f4){#f4}

![The photoluminescent property of the sericin hydrogels.\
(a) The emission spectra of the sericin solution (left) and the sericin hydrogel (right). Each emission spectral curve corresponds to a specific excitation wavelength. The insets showed the enlargement of the low-intensity emission spectra. (b--d) The lateral side of a sericin hydrogel tube (b), the cross-section of this hydrogel tube (c), and the random region of a sericin hydrogel network (d) were imaged under the light at the different wavelengths (left column, imaged under the white light; middle left, imaged with the excitation wavelength 360--370 nm and with the filter allowing the passage of the emission wavelength \> 420 nm; middle right, imaged with the excitation wavelength 460--495 nm and with the filter allowing the passage of the emission wavelength \> 510 nm; right, imaged with the excitation wavelength 530--550 nm and with the filter allowing the passage of the emission wavelength 575--625 nm). Scale bars, 200 μm. (e--h) *In vivo* light detection of the sericin hydrogels and the alginate scaffolds. (e) The mouse with the sericin hydrogels (outlined with the orange dotted lines) injected subcutaneously to the left back and into the muscle of the left rear limb and the alginate hydrogels (outlined with the dark red dotted lines) injected to the right back and into the muscle of the right rear limb was observed under the bright field. (f) The sericin hydrogels (yellow arrows) were seen under the light at the wavelength 530--550 nm, but the alginate hydrogels (white arrows) were not observed. (g) The sericin hydrogels (yellow arrows) were observed with the light at the wavelength 460--495 nm, but the alginate hydrogels (white arrows) were not seen. (h) The merged image of the bright field and the fluorescent image where fluorescence intensity was represented with a color spectrum.](srep07064-f5){#f5}

![The sustained drug release kinetics from the sericin hydrogel.\
The prolonged release of HRP from the sericin hydrogel was observed at 37°C *in vitro* during a period of 22 days.](srep07064-f6){#f6}

![Cell adhesion and growth on the surface of the sericin hydrogel.\
(a) The morphology of mouse myoblast cells (C2C12) growing on the polystyrene surface of the culture dishes (upper panel) and the sericin hydrogel (lower panel) at the different time points after seeding. The cells were initially seeded at the density of 5 × 10^4^ per 35-mm culture dish. Scale bars, 50 μm. (b) Quantification of the adhesion of human umbilical vein endothelial cells (ECV304) on the culture dishes and the sericin hydrogel at 4 and 8 hours after seeding. N.S., not significant. (c) The viability of human umbilical vein epithelial cells (EA.hy926) on the culture dishes and on the surface of the sericin hydrogels at Day 2.5 and Day 4.5 after seeding was assessed using the MTT assay and indicated as the O.D. value at 570 nm. (d) Rhodamine-phalloidin staining for F-actin (red) and DAPI staining (blue) for nuclei of ECV304 cells on the culture dishes (upper panel) and the sericin hydrogel (lower panel). The areas outlined by the orange dotted lines were enlarged to show the well-developed F-actin stress fibers (orange arrowheads) in the cells growing on both surfaces. The photoluminescence from the sericin hydrogels resulted in the slightly grainy images. Scale bars, 50 μm.](srep07064-f7){#f7}

###### Pore size and porosity of the sericin hydrogels frozen at −20°C, −80°C, and −196°C

  Sericin hydrogels [a](#t1-fn1){ref-type="fn"}          −20°C                −80°C               −196°C
  ----------------------------------------------- -------------------- -------------------- ------------------
  Average pore size (μm)                           316.91 **±** 45.22   167.13 **±** 43.40   20.56 **±** 6.43
  Porosity (%)                                            N.D.           91.33 **±** 2.20          N.D.

^a^Date shown as mean ± SD (25 random pores per sample, 3 samples for each analysis).

N.D.: not determined.

###### Mechanical properties of sericin hydrogels and alginate cylindrical hydrogels

  Hydrogels[a](#t2-fn1){ref-type="fn"}    Sericin hydrogel (2%, w/v)   Alginate hydrogel (2%, w/v)   Alginate hydrogel (4%, w/v)
  -------------------------------------- ---------------------------- ----------------------------- -----------------------------
  Compressive strength (kPa)                  55.539 **±** 0.25            38.796 **±** 0.448            35.287 **±** 0.615
  Compressive modulus (kPa)                   1.679 **±** 0.022             0.644 **±** 0.051             6.836 **±** 0.291

^a^The hydrogels are 8 mm in thickness and 12 mm in diameter.

Date are shown as mean ± SD (n = 3 for each analysis).

[^1]: These authors contributed equally to this work.
